The domesticated silkworm, Bombyx mori, has strict food preferences and grows by feeding on mulberry leaves. However, "Sawa-J", an abnormal feeding habit strain selected from the genetic stock, feeds on an artificial diet without mulberry leaf powder. In this study, the food preference gene in Sawa-J was genetically identified using restriction fragment length polymorphisms (RFLPs) of a cDNA clone on each linkage group. Taking advantage of a lack of genetic recombination in females, reciprocal backcrossed F1 (BC1) progenies were independently prepared using a non-feeding strain, C108, as a mating partner of Sawa-J. Our results of linkage analysis and mapping proved that the feeding behavior is primarily controlled by a major recessive gene mapped at 20.2 cM on RFLP linkage group 9 (RFLG9), and clone e73 at a distance of 4.2 cM was found as the first linked molecular marker.
INTRODUCTION
The domesticated silkworm (Bombyx mori) has a strict food preference and grows by feeding on mulberry leaves. The commercial artificial diet for silkworm consists of about 20% mulberry leaf powder added to basic ingredients such as defatted soybean meal and rice bran which have been fully rinsed with ethanol. Some strains can also inherently feed on other plants (Shimizu et al., 1964; Yokoyama, 1970; Tazima et al., 1984; Tamura, 1988; Ohnuma and Tazima, 1996; Ohnuma, 1999) . One of these, "Sawa-J" has an abnormal feeding habit (Yokoyama, 1975) and grows even by feeding on a low cost artificial diet, LP-1. This diet lacks mulberry leaf powder but contains rice bran, gluten meal, fish powder and dried yeast ingredients which normally inhibit feeding by B. mori (Yanagawa et al., 1989) .
In a previous genetic study, a few major recessive genes and modifiers were inferred to control the feeding habit since all F1 larvae of Sawa-J and non-feeding strains and about 70% of the BC1 (F1xSawa-J) did not feed on the LP-1 diet (Kanda, 1992) . It was also reported that the genes are related with a morphological marker Zebra (Ze) on the third chromosome (provisional symbol as pph; Kanda, 1992) . The lower feeding ability of BC1 larvae might be caused by the lack of mulberry leaf powder and the inhibitory ingredients in the LP-1 diet. Hence, a diet in which the inhibitory ingredients have been well removed is more desirable for restrictive investigation of the preference for mulberry leaf powder.
Genetic mapping can clearly identify the gene controlling a specific trait. Linkage analysis and mapping using morphological markers requires several kinds of marker lines which cover all the linkage groups. The different genetic backgrounds of each marker line influence the physiological traits such as feeding behavior. Nonetheless, molecular markers for all linkage groups allow the genetic mapping to be achieved in the same genetic background with only one crossing.
In silkworms, many DNA markers have also been mapped using restriction fragment length polymorphism Edited by Masa-Toshi Yamamoto * Corresponding author. E-mail: mase@nias.affrc.go.jp (RFLP) (Shi et al., 1995; Nguu et al., 2005) , random amplified polymeric DNA (RAPD) (Promboon et al., 1995; Yasukouchi, 1998) , amplified fragment length polymorphism (AFLP) (Tan et al., 2001 ) and single nucleotide polymorphisms (SNPs) (Yamamoto et al., 2006) . RFLP markers normally behave in a codominant manner, allowing the genotype of a locus to be determined in individuals derived from any mating scheme (Tanksley et al., 1989) . In addition, the locus of cDNA clones ought to exist at least in the genome of most silkworm strains.
It is well known that recombination in lepidopteran insects occurs only during spermatogenesis (Sturtevant, 1915) . Based on this biphasic nature of genetic recombination, a non-susceptibility gene to densovirus (nsd-2) was effectively mapped on the 17th chromosome in B. mori by linkage analysis and repeated three point test of cDNA-RFLP markers (Ogoyi et al., 2003) .
To identify the food preference gene for mulberry leaf powder in the present study, the BC1 larvae obtained from the cross of Sawa-J and a non-feeding strain, C108, were screened using the commercial artificial diet without mulberry leaf powder, and subjected to linkage analysis and mapping based on cDNA-RFLP segregation.
MATERIALS AND METHODS

Silkworm strains
The silkworm strains used in this study were an abnormal feeding habit strain Sawa-J and a counterpart strain, C108, that feeds very poorly on an artificial diet. These strains, maintained in our laboratory, were derived from the Insect Genetics Laboratory at the National Institute of Agrobiological Sciences. As the mating system for linkage analysis, a BC1 group of these strains was produced by backcrossing a Sawa-J male with an F1 heterozygous female which was obtained from a Sawa-J female and a C108 male. For mapping, its reciprocal cross group was used.
Investigation of feeding behavior
Dispersal activities of Sawa-J, C108 and the F1 were recorded in the rearing room at 27°C, 70%RH with no light. The 20-35 newly hatched larvae were placed as a group at the center of a white paper with coordinate axes on it. To investigate the attracting behavior, the commercial artificial diet without mulberry leaf powder (Nihon Nousankou Co., Ltd., Japan) was placed 5 cm away from the center. Photographs of this behavior were taken at 0, 10 and 20 min after release (Fig. 1) , and the coordinates of all individuals were measured on the photographs. The random dispersal as a fundamental activity was estimated by calculating their diffusion coefficients, D = (increase of mean square displacement)/4(time interval) (Nagasaka et al., 1997) . The feeding behavior was also observed on days 1, 2 and 3 after placing the hatched larvae on the diet.
Hatched larvae of BC1 offspring were put on the diet in plastic rectangular parallelepiped cases at 27°C. Only larvae that normally grew on the diet until the second instars were considered to have the food preference gene as the homozygous state and were grown until the fifth instars for linkage analysis and mapping using mulberry leaves.
Genomic DNA preparation Parental moths were individually collected after mating for males and oviposition for females. Fourteen and 94 larvae in BC1 segregations was prepared at day 2 of the fifth instars for linkage analysis and mapping, respectively.
The adult whole-body and larval posterior silk gland (PSG) samples were ground under liquid nitrogen and suspended in 10 volumes of lysis buffer (50 mM EDTA, 0.5% SDS, pH 8.0 containing 100 μg/ml Proteinase K) at 48°C, and were purified using phenol and phenolchloroform (Hara, 1996) . Genomic DNA was ethanol precipitated from the aqueous phase and separated by winding on a Pasteur pipette and dissolved in TE buffer (10 mM Tris-HCl, pH 8.0, 1mM EDTA). For preparation from parental moths, additional purification was performed by ultracentrifugation using 1g/ml cesium chloride containing 40 μg/ml ethidium bromide in a Beckman NVT120 rotor (490,000 g, 3 hrs, 20°C; Hara et al., 2002) . Isolated DNA samples were extensively dialyzed against TE buffer.
Preparation of probes Single-copy cDNA clones derived from embryos 3 days after oviposition (Hara et al., 2001 and non-fertilized eggs were used as probes for the detection of RFLP patterns. These cDNA clones had previously been confirmed to exist on each of the 28 chromosomes Nguu et al., 2005) . The DNAs linearized with EcoRI or BamHI were supplied by Dr. Hara, and they were labeled using T7 RNA polymerase in the presence of DIG-UTP (Roche Diagnostics, Mannheim, Germany).
Southern blot hybridization The individual genomic
DNAs from parental moths and BC1 larvae were digested with 6 restriction enzymes (EcoRI, HindIII, BamHI, KpnI, SacI, and BgIII) at 37°C overnight. Southern blot hybridization was performed basically in accordance with previous papers (Hara, 1996; Hara et al., 2001 Hara et al., , 2002 , and the bands were detected using a DIG Luminescent Detection Kit (Roche Diagnostics, Mannheim, Germany). Digested DNA was subjected to 1% agarose gel electrophoresis in TAE buffer (40 mM Tris-acetate and 1 mM EDTA, pH 8.0). After electrophoresis, the gels were treated with 0.2 N HCl for depurination of DNA. Then the gels were denatured in 0.5 N NaOH and 1.5 M NaCl, followed by vacuum-transfer onto nylon membranes (Roche Diagnostics, Mannheim, Germany) with 20 × SSC buffer (3 M NaCl, 0.2 M sodium citrate, pH 7.0). The blots were exposed under a UV lamp for 3 min and baked at 120°C for 1 hr to fix the DNA. The filters were incubated in pre-hybridization buffer (50% deionized formamide, 5 × SSC, 0.1% SDS, 2% blocking reagent and 0.1% N-laurylsarcosine) for 30 min at 45°C. Subsequently, each appropriate probe was added to the pre-hybridization buffer with an individual filter and incubation was continued overnight. The filter was washed in 2 × SSC and 0.1% SDS at room temperature for 15 min, then in 0.1 × SSC and 0.1% SDS at 65°C for 10 min three times. Detection of bands on X-ray film (Kodak X-Omat) was carried out according to the manufacturer's instructions (Roche Diagnostics, Mannheim, Germany).
Linkage analysis and mapping Linkage analysis and mapping of the food preference gene were performed using previously described methods (Hara et al., 2001 Kadono-Okuda et al., 2002; Ogoyi et al., 2003) . In subsequent linkage analysis, cDNA clones on the chromosome where the food preference gene is located were determined based on the RFLP segregation pattern in 14 larvae grown until the second instars using artificial diet without mulberry leaf powder. To determine the order of the food preference gene and cDNA loci, individuals homozygous as non-recombinant (A) and heterozygous as Fig. 1 . Dispersal, attracting and feeding behavior of newly hatched larvae of Sawa-J, C108 and the F1, Sawa-JxC108. Upper photographs show the dispersal process of Sawa-J (a), F1 (b) and C108 (c) at 20 minutes after release. Middle photos show attracting to the artificial diet without mulberry leaf powder of Sawa-J (d) at 10 minutes, F1 (e) and C108 (f) at 20 minutes after release. Lower photos show feeding behavior of Sawa-J (g), F1 (h) and C108 (i) on day 1, 2 and 3 after placement on the diet. * is diffusion coefficient calculated as (increase of mean square displacement)/4(time interval). recombinant (B) patterns were sorted. Subsequently, the recombination values were continuously calculated by repeating the three-point analysis.
RESULTS
Feeding behavior Sawa-J, C108 and the F1 larvae were attracted to the artificial diet without mulberry leaf powder (Fig. 1 d, e and f) . Sawa-J reached the diet faster than C108 and the F1 because it was fundamentally more active, as shown by its higher dispersal (Fig. 1 a) . The Sawa-J larvae began to feed on the diet when they reached it, whereas C108 and the F1 left the diet without any feeding trace at all. When the larvae were put on the diet, Sawa-J was randomly distributed at first, but subsequently grew by feeding on the diet (Fig. 1 g, Table  1 ). In contrast, some of C108 and almost all of the F1 larvae left the diet ( Fig. 1 h and i) , and the remainder of C108 died without feeding ( Fig. 1 i, Table 1 ).
Since F1 larvae did not feed, the gene which controls the food preference of Sawa-J for the diet was presumed to be recessive. Therefore, when BC1 larvae obtained by the backcrossing of a Sawa-J male with the F1 heterozygous female were put on the diet, about 40% of them fed on the diet and grew until the second instars (Table 1) .
Linkage analysis To confirm the differences between the parental genotypes, genomic DNA was prepared from each moth after egg collection, and their band patterns of cDNA markers representing each linkage group were identified by hybridization of cDNA clones on the 28 Table 1 . Hatching ability and feeding ability of Sawa-J, C108, the F1 and BC1 on the artificial diet without mulberry leaf powder chromosomes to genomic DNA digested with six restriction enzymes (see Experimental procedure). Thirty-nine clones showed hetero-type patterns in the F1 females and homo-type patterns in the males, and Sawa-J-derived bands were clearly differentiated from C108-derived bands (Fig. 2 a and b) . Linkage analysis of the food preference gene using RFLP of cDNA clones corresponding to 28 linkage groups was performed on BC1 larvae which were obtained by the crossing between the F1 female of Sawa-J(♀) × C108(♂) and Sawa-J male. 40.9% of the hatched BC1 larvae were grown on the diet without mulberry leaf powder until the second instars (Table 1 ). Subsequently, genomic DNA was prepared from 14 larvae on the second day of the fifth instars, and Southern hybridization was performed using a combination of restriction enzymes and probes with which the RFLP could be detected between parental male and female moths. In Fig. 2 , for example, analysis of genome DNA digested with KpnI using an m232 probe (RFLP linkage group24: RFLG24) in the 14 BC1 larvae showed segregation into the Sawa-J homo-type (A in Fig.  2 c) and the F1 hetero-type (B in Fig. 2 c) , suggesting independent segregation with the food preference gene in Sawa-J.
However, analysis of DNA digested with KpnI using an e42 probe (RFLG9) showed the Sawa-J homo-type band pattern in all 14 larvae, suggesting that this cDNA marker is linked with the food preference gene (Fig. 2  d) . Similarly, when the segregation into the Sawa-J homo-type (A) and the F1 hetero-type (B) was evaluated using clones located on the 28 pairs of chromosomes in silkworms, e42, e73, ep16, m162, m191, m218 and m227, which belong to the ninth RFLP linkage group (RFLG9), showed the Sawa-J homo-type (A) in all the larvae (Table  2) . In contrast, all clones belonging to the other linkage groups showed segregation into the homo-type (A) and hetero-type (B). These results suggest a linkage between the food preference gene in Sawa-J and the cDNA clones that belong to RFLG 9.
Genetic mapping F1 males obtained from Sawa-J (♀) × C108( ♂) were crossed with Sawa-J females for mapping. Nine clones previously assigned to RFLG9 were available (Hara et al., 2001 Kadono-Okuda et al., 2002) . As with the linkage analysis, the appropriate restriction enzymes which were used to reveal differences in the parental banding patterns were determined by hybridization with these clones (data not shown). Two of the clones, m108 and m208, did not show different banding patterns between Sawa-J and C108.
When the BC1 larvae were screened using the diet, 41.6% of the larvae grew until the second instars (Table  1) . Therefore, all growing individuals were assumed to be homozygous (A in Table 3 ) for the food preference gene derived from Sawa-J.
The genomic DNAs of 94 surviving BC1 larvae were prepared, and the individual homo-hetero genotypes for each clone were identified by Southern blot analysis. Most larvae showed a Sawa-J homo-type banding pattern (A), but 4 to 19 larvae showed hetero-type banding patterns (B) for the respective clone on RFLG9, indicating that the genetic recombination occurred between the loci of the food preference gene and each cDNA clone (Table 3) .
In Table 3 , the crossing-over point detected using clone ep16 is obviously different from that of the other clones. This indicates that clone ep16 is located on the opposite side of the food preference gene from the other clones. Therefore, all homozygous data (A) of the food preference gene ought to be inserted between clone e73 and ep16 (Table 3) . Based on these findings, the order of clones and the food preference gene within RFLG9 was established as: m162-m227-m218 and e42-m191-e73-food preference -ep16 (Fig. 3) . Furthermore, each genetic distance was determined by counting the number of recombinants, and the locus of the food preference gene was mapped at 20.2 cM on RFLG9. 
DISCUSSION
The feeding behavior of silkworms on the artificial diet without mulberry leaf powder is influenced by environmental conditions, food ingredients and/or genetic background, suggesting that it is controlled by some major genes (Tazima, 1989; Ohnuma and Tazima, 1996) and a few modifiers (Tazima et al., 1987) . In the present study, the food preference gene in Sawa-J for feeding on the diet was effectively mapped as a single locus on RFLP linkage group 9 of B. mori using a non-feeding strain, C108, as a mating partner (Fig. 3) . No other major gene was identified on the other chromosomes at all. These results proved that a major recessive gene primarily controls the food preference of Sawa-J for the artificial diet without mulberry leaf powder. However, only about 40% of the BC1 larvae actually fed on the diet, although this percentage was higher than that for the feeding on LP-1 diet (Table 1 ). This suggests that even larvae homozygous for the gene occasionally did not feed on the diet due to the effect of a few modifiers.
The feeding behavior is thought to consist of three steps, i.e., attracting, biting and swallowing (Hamamura, 1959) . The attracting behavior is controlled by the sensilla basiconica in the antennae and the biting behavior by those in the maxilla (Hirao et al., 1972) . Although the diet in this study did not contain mulberry leaf powder, Sawa-J, C108 and the F1 obviously recognized the diet, indicating that it contained some attractant. However, only Sawa-J fed and grew, whereas some C108 and almost all of the F1 larvae left the diet (Fig. 1) , and all C108 and F1 starved to death without leaving any feeding trace (Table 1 ). This suggests that the food preference gene in this study controlled the biting behavior by food taste recognition but it did not control the attracting behavior by odor ingredients in the diet.
The feeding activity of silkworm larvae is stimulated by β-sitosterol (Hamamura et al., 1961) and flavonoid (Horie, 1962) , whereas it is inhibited by bitter phenolic compounds such as salicin (Ishikawa, 1966) . The maxillary deterrent cells of Sawa-J electrophysiologically respond very poorly to salicin (Yazawa et al., 1991) . Asaoka (2000) speculated that their low sensitivity to phenolic compounds is caused by abnormalities at the o-glycosidic receptor site on deterrent cells or an altered signal transduction system. The function of pph on the third chromosome has been presumed to be related to the low response to inhibitory ingredients in LP-1 diet. The identity of the food preference gene mapped in this study with pph must be verified and its relationship with low sensitivity to stimulatory or inhibitory ingredients for feeding should be investigated.
With respect to clone m112, which has been assigned to linkage group 28 using strains RF02 and RF50 (KadonoOkuda et al., 2002) , Ogoyi et al. (2003) reported that this clone was sorted into linkage group 27. In this study, clone m112 gave the same pattern as linkage group 27. It is also known that there are many chromosomal aberration strains in B. mori as well (Banno et al, 1993; Sakaida et al., 1996; Tanaka et al., 2000) . The segregation pattern of clone m112 may have been affected by chromosomal reconstruction caused in a strain.
Recent advances in genome research have led to expectations that it should be possible to clone the specific gene which controls a mutant character. In our results, the food preference gene was found to exist on the chromosomal region between clone e73 and ep16, and the closer clone e73 was mapped at the distance of 4.2 cM. This distance is estimated as 2 Mbp at the sequence level because 1 cM corresponds to approximately 500 kbp in B. mori (Promboon et al., 1995; Abe et al., 2000; Ogoyi et al., 2003) . This is an important step to obtain the most closely linked marker for cloning the food preference gene. Fig. 3 . Linkage map of the food preference gene in Sawa-J on RFLP linkage group 9 using the cDNA clones (data calculated from Table 3 ). Locus names are listed to the left of the vertical line; genetic distances (cM) are listed to the right.
